The strange quark contributions to the electromagnetic form factors of the proton are ideal quantities to study the role of hidden flavor in the properties of the proton. This has motivated intense experimental measurements of these form factors. A major remaining source of systematic uncertainty in these determinations is the assumption that charge symmetry violation (CSV) is negligible. We use recent theoretical determinations of the CSV form factors and reanalyse the available parityviolating electron scattering data, up to Q 2 ∼ 1GeV 2 . Our analysis considers systematic expansions of the strangeness electric and magnetic form factors of the proton. The results provide an update to the determination of strangeness over a range of Q 2 where, under certain assumptions about the effective axial form factor, an emergence of non-zero strangeness is revealed in the vicinity of Q 2 ∼ 0.6 GeV 2 . Given the recent theoretical calculations, it is found that the current limits on CSV do not have a significant impact on the interpretation of the measurements and hence suggests an opportunity for a next generation of parity-violating measurements to more precisely map the distribution of strange quarks.
I. INTRODUCTION
The desire for a complete understanding of the electromagnetic structure of the proton has led to significant efforts over the last two decades to determine the individual quark flavor contributions to the proton's electromagnetic form factors. A significant challenge in this goal lies in determining the role played by non-valence or "hidden" quark flavors whose contributions arise only through fluctuations of the QCD vacuum. Being the lightest sea-only quark, strange quarks are anticipated to make the most significant contribution. Through an extensive experimental program of parity-violating electron scattering (PVES) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] , strange quarks have been tagged by measuring the neutral-current form factors. The isolation of strangeness relies on the assumption of good charge symmetry, which has been one of the limiting factors in extending the experimental program to greater precision. In this work, we quantify the impact of charge symmetry violation (CSV) on the extraction of strangeness from a global analysis of the PVES measurements.
While earlier theoretical predictions of CSV in the proton's electromagnetic form factors varied through several orders of magnitude [13] [14] [15] [16] , a recent lattice QCD calculation [17] has determined that CSV in the proton's electromagnetic form factors is significantly smaller than earlier expectations. Despite its importance for future measurements of parity violating electron-proton scattering and their subsequent interpretation as evidence of proton strangeness, the precise influence of this recent CSV constraint has not been throughly quantified. Hence, here we perform a global analysis of the full existing set of parity-violating (PV) asymmetry data with and without the constraint of CSV form factors. To achieve this task, we consider PVES data, obtained from experiments conducted with varying kinematics and targets, from SAMPLE [1, 2] , PVA4 [3] [4] [5] , HAPPEX [6] [7] [8] [9] [10] , G0 [11, 12] and Q weak [18] . This paper is organised as follows: In section II, we describe the formalism of PVES, including PV asymmetries of the nucleon, helium-4 and the deuteron. Section III presents the parametrisation of strange quark form factor, while section IV is dedicated to a study of the CSV effects on strangeness form factor extraction. A brief summary is finally presented in section V.
II. STRANGE FORM FACTORS AND PARITY-VIOLATING ELECTRON SCATTERING
Determining the strange electric and magnetic form factors experimentally requires a process where the weak and electromagnetic interactions interfere. This is achieved through PVES experiments [19, 20] , whose leading-order amplitudes are shown in Fig. 1 .
Under the assumption of charge symmetry, the PV asymmetry in polarised e-p scattering is given by [21] 
where in terms of the proton's electric (G
and 
where M p , and are the proton's mass, the virtual photon longitudinal polarization and the scattered energy, respectively. The standard model parameters: fine structure constant α, Fermi coupling G F = 1.16638 × 10 −5 GeV 2 , the weak mixing angle, sin The 4 He nucleus is spin zero, parity even and isoscalar. Elastic electron scattering from 4 He is an isoscalar 0 + → 0 + transition and therefore allows no contributions from magnetic or axial-vector currents. Thus, the HAPPEX Collaboration has utilised a 4 He target to directly extract the strange electric form factor [6] . Nuclear corrections are relevant for 4 He and deuteron targets, more details about which can be found in [23, 24] .
The theoretical asymmetry based on the assumption that isospin mixing can be neglected is written as [21] A
Corrections associated with isospin violations will be considered in Section IV. The parity-violating asymmetries measured in quasielastic scattering from the deuteron have responses which involve the deuteron wavefunctions. For this analysis, we use directly the theoretical asymmetries as reported with original experimental measurements. Early results from SAMPLE have had minor modifications made to update for more recent radiative corrections and form factor parameterisations, as described in Ref. [25] .
B. γZ-exchange corrections to PVES
Leading electroweak corrections play a significant role in precision measurements of the strangeness contribution to the nucleon form factors [21, 26] . In contrast to the formalism relevant to atomic parity violation experiments [27] , an energy-dependent correction arising from the γZ box diagram was highlighted by Gorchtein & Horowitz [28] . The size of this correction is particularly significant to the standard model test by the Q-weak Experiment [29] . Fortunately, the uncertainties arising from the underlying γZ interference structure functions can be reliably constrained [30] . These results have been further supported by direct measurement [31] .
The significance of the γZ box is somewhat less pronounced in the determination of strangeness. Nevertheless, for example, the correction makes about ∼ 1 2 -sigma shift to the central value of the precise HAPPEX proton point at Q 2 ∼ 0.1 GeV 2 . We incorporate the corrections reported by the constrained model of Ref. [30] , updated with the improved constraints of quark-hadron duality [32] , and a momentum dependence as proposed in Ref. [33] . For completeness, a table of values is included in Appendix B.
C. Theoretical asymmetries
In this work, a set of all available PV asymmetry data up to Q 2 ∼ 1 GeV 2 , as summarised in Table III , is analysed. Such a combined analysis of the world PV data requires a consistent treatment of the vector and axial form factors and radiative corrections. The theoretical asymmetry used in this analysis is written as
where the η's, provided in Table III , are calculated using the recent elastic form factor parameterisations of Ye et al. [34] and current values for the standard model radiative corrections [22] .
In this analysis, since the entire contribution is to be fit to data, we employ the effective axial form factorsG p,n A which implicitly includes both the axial radiative and anapole corrections. For these form factors, we employ a dipole formG
with an axial dipole mass M A = 1.026 GeV, determined from neutrino scattering [35] , common to both proton and neutron form factors. The normalisationsg p,n are fit to the data, however since the isoscalar combination is very poorly determined, we choose to impose theoretical esimates based on an effective field theory (EFT) with vector-meson dominance (VMD) model to constrain this combination, (g p A +g n A )/2 = −0.08 ± 0.26 [36] .
III. ANALYSIS FRAMEWORK A. Taylor expansion
At low momentum transfers, a Taylor series expansion of the electromagnetic form factors in Q 2 is sufficient and minimises the model dependence. Given the sparsity and precision of the available data-up to ∼ 1 GeV 2 -we avoid introducing a specific model by first attempting to parameterise the strange electric and magnetic form factors Q 2 dependence by
B. z-expansion A priori, one might not expect a Taylor expansion up to ∼ 1 GeV 2 to be satisfactory. To provide an alternative functional form to the Taylor expansion, we also consider the z-expansion which offers improved convergence based on the analytic properties of the form factors [37] [38] [39] . We describe the momentum dependence of the strange form factors using the z-expansion, also to second (nontrivial) order:
where
In our fits, we use choose t cut = (2m K ) 2 , with the kaon mass m K = 0.494 GeV. In the absence of isospin violation, the cut formally starts at 9m 2 π , but we assume that the strangeness contribution to the 3-pion state can be neglected. We note that, with the current experimental precision, there isn't any significant sensitivity to the value of t cut . To more easily facilitate the comparison with the two expansion forms, we report the simple Taylor expansion coefficients for each case. That is, for the z fits, we translate the expansions back in the leading Taylor form, e.g.
C. Charge symmetric results
Here we summarise the fit results under the assumption of exact charge symmetry. This provides a baseline with which to explore the implications of charge symmetry violation in the following section.
In this work we perform a global fit at leading order (LO) and at next leading order (NLO) of the strangeness form factor. Thus, the fitting procedure at LO considers four parameters,g p A ,g n A , µ s and ρ s , while fitting at NLO considers an additional two parameters, µ s and ρ s .
The χ 2 is calculated as
where m and t denote the measurement and theory asymmetry respectively. The indicies i and j run over the data ensemble. The matrix V represents the covariance error matrix defined as
where σ uncor i and σ cor i are uncorrelated and correlated uncertainties of the i th -measurement, respectively. We note that the correlated uncertainties are only relevant for the G0 experiment, where the forward [11] and backward [12] are treated as mutually independent. The goodness of fit is estimated from the reduced χ 2 as
with 33 and 31 degrees of freedom (d.o.f) for the LO and NLO fits, respectively. Note that with the isoscalar axial "charge" constrained, as described above, there are effectively 3(5) fit parameters in the LO(NLO) fits. We report the leading-order fit results in Table I , with comparisons against previous work. The results are compatible with earlier work, though with significantly reduced uncertainty. This is due to both an updated list of measurements and the inclusion of the full range of Q 2 points in the fit. No appreciable difference is seen between the simple Taylor expansion and the z-expansion.
While the fit quality is reasonable, these simple leading-order fits are certainly anticipated to be too simple to describe these form factors over the full range [25, [40] [41] [42] and the current global analysis at LO for both Taylor and z-expansion form factor fits without constraints from CSV. 
As a result, the statistical uncertainties displayed are not representative of the current knowledge of the strange form factors. We hence allow for more variation in the Q 2 dependence by extending the fits to next-leading order, Eqs. (11) and (12) . Results are shown in Table II . Curiously the additional fit parameters are unable to make significant improvement to the χ 2 and the reduced χ 2 very marginally increases for the NLO fit.
Although the data do not support any structure offered by the NLO fits, we prefer the results at this order as being better representative of the uncertainties of the strangeness form factors, while offering some degree of smoothing of the underlying data. We note that given the clustering of the underlying data set, the separation of the electric and magnetic strange form factors are only most reliable at the discrete momentum transfers near Q 2 ∼ 0.1, 0.2 and 0.6 GeV 2 . As such, the NLO fits are roughly fitting 3 data points with 2 parameters for each form factor. Attempting further higher order will just amount to over-fitting the statistical fluctuations of the data set.
The comparison between the leading and next-toleading order fits for the Taylor expansion are shown in Figure 2 . The corresponding z-expansion results are very similar. In Fig. 3 we show the NLO z-expansion parameterisation of the separated electric and magnetic form factors and compare with recent lattice QCD results [43, 44] . Here we observe excellent agreement between our strangeness determination based on PVES data and lattice QCD results over the full Q 2 range. These are also compatible with earlier lattice [45] and lattice-constrained [46] [47] [48] results. Interestingly, we note that the experimental results are showing some support for a non-vanishing strangeness electric form factor in the vicinity of Q 2 ∼ 0.6 GeV 2 . Given the lack of sensitivity to the choice of functional form, we adopt the z-expansion at NLO as our preferred fit for the following discussions.
The preceeding discussion has focussed on the separation of the electric and magnetic strangeness form factors. Given the high degree of correlation in the measurements, it is instructive to display the joint confidence intervals. Fig. 4 [10, 12] , the dominant difference in the present work is the treatment of the axial/anapole form factor. As described, the isoscalar combination is constrained by the EFT and VMD estimate of Zhu et al. [36] , while the isovector combination is determined by the data. The best fit-for z-expansion at NLO-results ing p A = −0.67 ± 0.25, which is less negative than the zero-anapole approximation. As a consequence, the data-driven fit drives the back-angle G0 results to be more consistent with a negative G s M . Under these assumptions for the effective axial form factor, we see G s E ∼ 0.1, which-with the strange charge factor included-is on the order of 10% of the proton electric form factor at this momentum transfer. Given the smallness of the strange form factors determined in direct lattice calculations [44, 45] , the result seen here suggests a future investigation of the anapole "charge" and Q 2 dependence is warranted. 
IV. SENSITIVITY TO CHARGE SYMMETRY VIOLATION A. CSV in asymmetries
In this section we study the effects of charge symmetry violation on our results, i.e. we no longer have a relationship between the individual quark flavour contributions to the proton and neutron form factors
We follow standard notation and define the CSV form factors as
In order to explore the impact of CSV, we need to modify the neutral weak from factors to explicitly include a CSV term
where the Q 2 -dependence of each form factor has been dropped for clarity. The CSV form factor can be expressed as a simple Taylor expansion in
with G
CSV E
set to zero at Q 2 = 0 due to charge conservation.
Regarding the theoretical asymmetry given in Eq. 9, we note that η 0 will receive a correction due to the CSV form factor. Hence (20) where
In the case of the PV asymmetry of 4 He, we should consider nuclear CSV, which we denote F CSV , in addition to CSV at nucleon level, G CSV E . In this case, η CSV 0 can therefore be written as
where in the notation of [50] , F CSV ≡ F (1) (q)/F (0) (q) = −0.00157 is used to calculate η CSV 0 for the theoretical PV asymmetry of 4 He at Q 2 = 0.077 and 0.091 GeV 2 .
B. CSV Theoretical Works
To include effects of charge symmetry violation in our determination of the strangeness form factors, we consider three different calculations of the CSV form factors. The first work we consider is from Kubis and Lewis [13] , denoted by "K&L CSV". They used effective field theory, supplemented with resonance saturation to estimate the relevant contact term -where the CSV is largely driven by ρ − ω mixing. To accomplish this, they employ a large ω-nucleon coupling constant g ω ∼ 42 taken from dispersion analysis. Combining this estimate with calculations in HBχPT and infrared regularised baryon chiral perturbation theory, K&L predicted a CSV magnetic moment contribution G = −0.055 ± 0.015 GeV −2 . We take these values as our first estimate of the CSV form factors.
The second theoretical calculation of CSV we consider is from Wagman and Miller [14] , denoted by "W&M CSV". In their work, they used relativistic chiral perturbation theory with a more realistic ω-nucleon coupling i.e. and ρ CSV E = −0.018 ± 0.003 GeV −2 . The third determination of the CSV form factor that we employ is based on an analysis of lattice QCD results [17] , that we refer to as "Lattice CSV". The lattice study found significantly smaller values of the magnetic and electric CSV form factors compared to the previous two estimates. To study the effect of the CSV form factors obtained from lattice QCD, we summarise the results of Ref. [17] by G 
C. Strangeness with CSV
In order to propagate the uncertainties, we extend the covariance matrix above, Eq. (15), to include a correlated uncertainty associated with the theoretical estimates of CSV. For each theoretical description, we reanalyse the entire data set and present in Fig. 5 our determination of the strange magnetic moment µ s (left) and strange electric radius ρ s (right). Since the Lattice CSV form factors are zero with a negligible uncertainty, they are consistent with the "No CSV" results. We also find no visible impact on µ s and ρ s from the inclusion of the W&M CSV form factors. Finally, when estimating the CSV form factors by the K&L parameters, we observe only small shifts in the central value of the strangeness magnetic moment. Nevertheless, even the "worst case" scenario of K&L doesn't appreciably affect the NLO fits.
V. CONCLUSION
We have presented a complete global analysis of all PVES asymmetry data for the proton, 4 He and deuterium. We have investigated the γZ exchange correction and the effect that CSV form factors have on the extraction of strange quark contribution. Including γZ box contribution in the analysis leads to small increases in the magnitude of the central values of µ s and ρ s when compared to results obtained without constraints from γZ-exchange. CSV results considered in this work have tiny effects on the central values of the strangeness parameters, with the largest effect, while still small, coming from the inclusion of CSV form factors as provided by Kubis and Lewis [13] . Our results favour non-zero values for the strangeness magnetic moment and electric radius, with the most significant constraints coming from the LO fits using a Taylor expansion for the strangeness form factors. Finally, in order to examine the model dependence of employing a Taylor expansion in our analysis, we also included fits using the z-expansion which were found to be in agreement.
The latest theory estimates on CSV are small -indeed small enough that they would not cloud the interpretation of future precision strangeness measurements. However, we note that the back-angle measurements do exhibit sensitivity to the effective axial form factor, presenting an opportunity for future investigation. The combined efforts to improve the resolution of strangeness, and reveal the structure of the anapole form factor offer the potential to establish a precision era of QCD and the nucleon. While further advancing the understanding of the mechanisms underlying nonperturbative QCD, such work will serve to gain further confidence in the use of lattice QCD for precision constraints in tests of the standard model.
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Appendix A: Parity violating asymmetries Table III lists the asymmetries and their dependence on the leading unknown hadronic structure for all existing PVES experiments. To incorporate the effect induced by the energydependent component of the γ-Z box radiative correction, the measured PV asymmetries given in Eq. (1) are modified by
The forward (or vanishing momentum transfer) limit of this box are taken from Ref. [32] , which extends Ref. [30] to also incoporate duality constraints. To estimate the momentum transfer dependence, we adopt the model suggested by Gorchtein et al. [33] :
with slope parameter estimated to be B = 7 ± 1 GeV 2 , and F p 1 the electromagnetic Dirac form factor of the proton. The numerical values used in this work are summarised in Table IV. TABLE III . Values of ηi, appearing in Eq. 9, which describe the theoretical asymmetry for each experiment (in partspermillion). A phys and δA are the measured asymmetry and the corresponding uncertainty respectively where the statistic ans systematic error have been added in quadrature. While δAcor is the correlated error in the G0 experiment [11, 12] 
